We hypothesized that a relationship existed between the mechanical properties and the magnetic resonance imaging (MRI) parameters of muscles, as already demonstrated in cartilaginous tissues. The aim was to develop an indirect evaluation tool of the mechanical properties of degenerated muscles. Leg and arm muscles of adult rabbits were dissected, and tested 12 hours post mortem, in a state of rigor mortis, or 72 hours post mortem, in a state of post-rigor mortis. The tests consisted of a multi-parametric MRI acquisition followed by a uniaxial tensile test until failure. The statistical analysis consisted of multiple linear regressions and principal component analysis. Significant differences existed between the rigor mortis and post-rigor mortis groups for E but not for the MRI parameters. 78%, 60% or 33% of the Young's modulus could be explained by the MRI parameters in the post-rigor mortis group, rigor mortis group or both groups respectively. These relationships were confirmed by the principal component analysis. The proposed multi-parametric MRI protocol associated to principal component analysis is a promising tool for the indirect evaluation of muscle mechanical properties and should be useful to find biomarkers and predictive factors of the evolution of the pathologies.
Methods

Samples Preparation
Three adult rabbits were obtained from a local slaughterhouse within 2 hours of death.The pairs of the following muscles were dissected and embedded in a phosphate buffered saline solution at 8˚C: semi-membranous, rectus femoris, tibialis anterior, meditriceps, anterior trapezius and levator scapulae ventralis. If one muscle of a pair was damaged, both muscles were discarded. For each pair, on a randomized basis, one muscle was included in the rigor mortis group (n = 12) and tested 12 hours post mortem in a state of rigor mortis, while the second muscle was included in the post-rigor mortis group (n = 12) and tested 72 hours post mortem in a state of post-rigor mortis. The tests consisted in a multi-parametric MRI acquisition immediately followed by a uniaxial tensile test, at room temperature.
We chose these two groups to obtain a large range of muscles rigidities, higher than the one obtained between the different muscles [2] . Even if the material properties vary greatly during rigor mortis [2] , there was less than one hour between the MRI acquisition and the mechanical tests, leading to acceptable changes in the rigor mortis group between the two tests.
Multi-Parametric MR Imaging
For the multi-parametric MRI acquisition, the muscles were clamped in two grips and placed in an MRI-compatible system filled with a phosphate buffered saline solution (Figure 1) . The acquisition was performed using a 3 Teslas whole-body system (Philips Achieva X-Series).
Images for the quantification of T1 and T2 ( Figure 2) were acquired first using a multiple inversion recovery turbo spin-echo sequence for T1 (repetition time of 2100 ms, echo time of 6.3 ms, 15 inversions times from 50 to 1900 ms) and a multi-echo turbo spin-echo sequence for T2 (repetition time of 2000 ms, 10 echo times every 15 ms). T1 [28] and T2 were extracted (Matlab, r2007 Mathworks, Natick, MA) from the signal intensity using exponential relationships. The MT ratio (MTR) was obtained using two gradient echo sequences (repetition time of 83 ms, echo time of 3.8 ms), one with an off-resonance pulse applied at 1100 Hz down to the free water proton resonance frequency and the other one without it [29] . MTR was calculated as described previously [30] .
The last sequence measured the ADC and the fractional anisotropy (FA) using a multi-shot spin-echo echo-planar-imaging diffusion-weighted sequence (repetition time of 2000 ms, echo time of 40 ms) with 15 non-collinear diffusion and a b value (summarizing all the pulse gradient terms and depending only on the acquisition parameters) of 1000 s/mm 2 . ADC and FA were calculated as described previously [31] - [33] . The MRI acquisition started 12 h and 72 h post-mortem for the rigor mortis and post-rigor mortis groups respectively and lasted 25 minutes.
The segmentation of the regions of interest (ROI) was realized using SliceOmatic (Tomovision, Montreal, CA). The outline of the muscle tissue located between the clamps was semi-automatically detected using the snake algorithm. The sensitivity of the determination of the mean MRI parameters over the ROI to the segmentation was very low, due to a spatially uniform signal, whatever the image weighting (Figure 2 ).
Mechanical Testing
Twenty minutes after the end of the MRI acquisition, the muscles were cut into samples of 10 × 40 × 10 mm. The samples were clamped in two grips and mounted in a micro-mechanical testing system (Mach-1, Biomomentum Inc.). Then, after a preloading of 0.2 N, a uniaxial tensile test until rupture of the muscle was performed with a constant strain rate of 1 mm/s (Figure 3) . The Young modulus E was calculated from the mean of five measurements of the slope of the stress-strain curve in its linear part.
Relationships between Mechanical Properties and MRI Parameters
The differences between the rigor mortis and post-rigor mortis groups were assessed by a Wilcoxon test. Multi linear regressions were performed between dependent (E) and independent (T1, T2, MTR, FA and ADC) variables to verify our hypothesis. However, the MR parameters might be found dependant. A principal component analysis was used to convert the set of possibly correlated variables into a set of linearly uncorrelated variables. The data were first centered and reduced. The covariance matrix and its eigenvectors and eigenvalues were computed. The cumulative energy content for each eigenvector was used to select a subset of eigenvectors as basis vectors. The source data were then converted into the new basis vector system. The first principal component (F1) has the largest possible variance, and each succeeding component (F2, F3,…Fn) in turn has the highest variance possible under the constraint that it is orthogonal to the preceding components. All statistical tests were performed using XLSTATS (Addinsoft, New York, United States). All results were expressed as mean (standard deviation SD) and the significance of all tests was set to p ≤ 0.05.
Results
Maps and Wilcoxon Tests
The maps obtained for the relaxation times T1 and T2 and for the diffusion parameters FA and ADC were mostly homogeneous within the muscle tissue (Figure 4) . The Young's modulus and MR parameters found for each group are presented in Table 1 . Significant differences existed between the rigor mortis and post-rigor mortis groups for E (p = 0.009) but not for T1 (p = 0.1), MTR (p = 0.14), ADC (p = 0.83) and FA (p = 0.69). For T2, a tendency to have differences between the two groups was observed (p = 0.081).
Multi Linear Regressions
Multi linear regressions performed on all the data (rigor mortis and post rigor mortis groups) showed that only 33% (R 2 = 0.33) of E can be explained by the MRI parameters (Equation (1)). However, when performed on each experimental group, the multi linear regressions showed that up to 60% or 78% of E can be explained by the MRI parameters in the rigor mortis (Equation (2)) and post-rigor mortis (Equation (3)) groups respectively. The highest variance inflation factor (VIF) was attributed to ADC in Equation (1) and to MTR in Equation (2) , suggesting that these parameters were likely candidates for elimination in the equations. However, in Equation (3), all the parameters presented equivalent VIFs. 
Principal Component Analysis
When performed on all the data(rigor mortis and post rigor mortis groups), the principal component analysis reduced our six variables (E, T1, T2, MTR, ADC and FA) to two principal components F1 and F2 with a cumulative variability of 69%, which increased to 81% when considering the third principal component F3. The representation of the six variables in the (F1, F2) plane ( Figure 5) showed a negative correlation between T2 and FA as they were located near the circle and symmetric relatively to the circle origin. The position of T1, T2, ADC and FA near the circle suggested that these parameters were expressed mainly by F1 and F2. The position of MTR on the X-axis suggested that MTR was expressed mainly by F1. E was far away from the circle, which suggested that this parameter was not expressed only by F1 or F2. The eigenvectors of the covariance matrix showed that E was expressed more by F3 than F1 or F2 (Equation (4)).
When performed on the rigor mortis group only, the principal component analysis resulted in a cumulative variability of 76% for two variables and 90% for three variables. The representation of the six variables in the (F1, F2) plane (Figure 6) showed that T2 and ADC, and also E and T1 were negatively correlated, and that all the parameters were mainly expressed by F1 and F2.
When performed on the post-rigor mortis group only, the principal component analysis resulted in a cumulative variability of 74% for two variables and 88% for three variables. The representation of the six variables in the (F1, F2) plane (Figure 7) showed that T1 and ADC were correlated and that T2 and FA and also E and MTR were almost negatively correlated. All the parameters were mainly expressed by F1 and F2.
Discussion
The mechanical properties of rabbit muscles were modified for the first time to our knowledge in vitro using cadaveric rigidity, instead of using a chemical composite to digest the tissues. Using the state after death was found to be an easy, effective and significant way to modify the Young's modulus of muscles and obtain a large range of muscle rigidities. The variation between the state of rigor mortis and post-rigor mortis comes from the cessation of the ATP pumps during the state of rigor mortis, which creates an accumulation of Ca 2+ and the link between myosin and actin. The decrease of the muscle mechanical properties in the state of post-rigor mortis comes from the natural degradation of the myofibrillar protein and of the link.
Degradation affects the structure of the muscles, the chemical environment and the water retention capacity [34] . These three parameters are known to also affect the MR parameters. Studies on cartilaginous tissues showed that T1 was correlated to the structure of the tissue [35] [36] and to the Young's modulus [16] [19], T2 was correlated to the integrity of the extracellular matrix [35] [37], MTR was correlated to the quantity of collagen and total quantity of protein [38] and to the integrity of the extracellular matrix [34] , and ADC was related to proteoglycan and water contents, and inversely related to the percentage of denatured collagen [39] . Due to the lack of significant changes in T1, T2, MTR or ADC, the decrease of the Young's modulus of the muscle may not be related to the structure of the tissue or to the integrity of the matrix. The relationship found between the Young's modulus E, determined by a uniaxial tensile test under a constant strain rate until rupture, and the MRI parameters, determined by multi-parametric MRI, for the post-rigor mortis group, validated our hypothesis. However, the decrease of the coefficient of determination when considering the rigor mortis group or the two groups together and the differences in the relationships between groups suggested that before the use of this technique to quantify the muscles mechanical properties in vivo on patients suffering from various diseases, the relationships have to be defined for each degeneration type of the tissue that mimics the pathology.
These relationships between mechanical properties and MRI parameters in the muscle could be improved using more sensitive MRI parameters to tissue degeneration. T1ρ was found as sensitive as T2 to the composition of muscle [40] and spin-lock MRI was also able to quantify microstructural changes in limb girdle muscular dystrophy [41] . Moreover, the high sensitivity of T1ρ to cartilage or intervertebral disc degeneration has been demonstrated [19] [22] . Chemical exchange saturation transfer (CEST) agents provide a powerful source for potential contrast including pH imaging, metabolite detection, imaging of mobile proteins or peptides in tissue, metal ion detection, liposome labeling, nanoparticle/polymer labeling, protein-binding, RNA or DNA-protein binding, temperature imaging, detecting enzyme activity, and imaging of OH groups, polyamines, and nucleic acids [42] . However, CEST was not applied yet to the musculoskeletal muscle.
Principal component analysis is useful to reduce the dimensionality of a data set by projecting high dimensional data into a lower dimensional space. The reduction of the Young's modulus and MRI parameters to two or three principal components confirmed our hypothesis that a relationship exists between the mechanical properties and the MR parameters of muscles for a large range of mechanical properties as obtained between the states of rigor mortis and post-rigor mortis, and that this relationship may be in part non linear.
This study presented some limits, andfurther investigations need to be performed. The method of degeneration has the disadvantage of being sensitive to time, requires a perfect control of the experimental schedule, and does not correspond to the in vivo degeneration of muscles. However, the objective of the study was to obtain a large range of muscles rigidities, and not to reproduce the in vivo degeneration. To decrease the distortion in the diffusion tensor images due to the presence of small air bubbles on the compartments walls or our system, we used a multi-shot echo-planar-imaging sequence. An estimated SNR of 65 for the b = 0 image confirms the reliability of our ADC and FA measures in the muscle tissue. We limited our study to the ADC and FA coefficients while diffusion tensor imaging was used in the muscle for the fiber tracking that enables the measurement of muscle architectural parameters, such as pennation angle and fiber tract length throughout the entire muscle [43] [44] . The eigenvectors and eigenvalues of the diffusion tensor should be included in the relationships with the mechanical properties of the muscle. While the traction test protocol was in accordance with the literature [1] [2] [45] , we limited the analysis of the stress-strain curve to its linear part to quantify the Young's modulus. The experimental data should be fitted with a viscoelastic [46] [47] model instead of a linear model in order to characterize more precisely the mechanical behavior of the muscles.
Conclusion
Intrinsic passive properties of the rabbit muscles and their relationships to MR parameters were assessed. Cadaveric rigidity produces significant changes to the mechanical properties, but not the MRI parameters. However, a relationship exists between the Young's modulus and the MRI parameters for a large range of muscle rigidities. Our multi-parametric MRI protocol associated to principal component analysis is a promising tool for the indirect evaluation of muscle mechanical properties and should be useful to find biomarkers and predictive factors of the evolution of the pathologies. The next step will consist in verifying if the MRI parameters allow predicting the mechanical properties of healthy human muscles, and then of muscles with dystrophy, using in vitro multi-parametric MRI acquisitions followed by mechanical tensile tests. The clinical application of this multi-parametric MRI protocol associated to the principal component analysis will be the longitudinal follow-up of R. Grenier et al.
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patients with muscular dystrophies and the clinical investigation of new biomarkers of muscle degeneresence.
